Virulence of Yersinia pestis in mammals requires the type III secretion system, 18 which delivers seven effector proteins into the cytoplasm of host cells to undermine 19 immune responses. All seven of these effectors are conserved across Y. pestis strains, but 20 three -YopJ, YopT, and YpkA -are apparently dispensable for virulence. Some degree 21 of functional redundancy between effector proteins would explain both observations. 22
Introduction 33
Yersinia pestis, causative agent of plague, is notorious for its role in the European 34
Black Death pandemics of the Middle Ages. Its pathogenesis in the mammalian host is 35 remarkable: following inoculation of a small number of bacteria in the dermis by the bite 36 of an infected flea, Y. pestis rapidly invades distal tissues and the vasculature. The 37 resulting dense bacteremia enhances transmission, as it allows colonization of naïve fleas 38 that ingest a sub-microliter blood meal. Dissemination of Y. pestis from the dermis to the 39 transports effector proteins directly from the intracellular compartment of the bacterial 48 cell into the cytosol of target cells (2-4), though some recent data has challenged this 49 model (5, 6) . 50
The T3SS of the pathogenic yersiniae targets innate immune cells in vivo (7) and 51 undermines a variety of antimicrobial responses in these cells, including phagocytosis, 52 immune signaling, and the production of reactive oxygen species (ROS) (reviewed in 53 (8)). Intoxication of these cells by the T3SS is one of the most important mechanisms 54 underlying the innate immune evasion that is so crucial for Y. pestis virulence, and 55 spontaneous loss of the pCD1 plasmid that encodes the T3SS profoundly attenuates Y. 56 pestis in mammalian infection models (9-11). Mutations that compromise the type III 57 secretion mechanism by inactivating injectisome components are likewise highly 58 attenuating (12, 13) . 59
Y. pestis shares a conserved set of seven T3SS effectors with the enteropathogenic 60 yersiniae Y. enterocolitica and Y. pseudotuberculosis. Four of these effectors -YopH, 61
YopE, YopK, and YopM -are required for full virulence of Y. pestis in murine infection 62 models (14) (15) (16) (17) (18) (19) (20) , although the attenuation associated with YopM deletion seems to vary 63 among strains (21). YopH, YopE, and YopM directly target innate immune responses: 64
YopH and YopE inhibit the production of reactive oxygen species (ROS) (22, 23) and 65 interfere with phagocytosis (24-27), while YopM likely enhances virulence by preventing 66 caspase 1 signaling (28, 29) and pyrin inflammasome activation (30, 31) . The attenuation 67 of YopK mutants may result from dysregulated secretion of the other effector proteins 68 and the translocon proteins (19, 32) . 69
The effector YopJ profoundly deranges host cell death signaling pathways in 70 vitro, and as a result YopJ has been intensively studied in all three pathogenic Yersinia 71 species. YopJ induces caspase-8/RIP-1 mediated apoptosis in macrophages, inhibits 72 transcription of pro-inflammatory cytokines by NFκB, and may also stimulate caspase-1 73 signaling (33) (34) (35) yopJ, and yopT ORFs to this strain (generating the strain 144 KIM1001ΔT3SE::+yopHEKMAJT, genetically identical to the wild-type strain 145 KIM1001) fully complemented its virulence defect, restoring virulence to wild-type 146 levels as expected. This result also confirmed that the long series of genetic 147 manipulations required for sequentially deleting and then restoring the seven effector 148 genes did not cause unexpected or off-target modifications that alter virulence 149 phenotypes ( Figure 1 and Table 1) . 150 strains deficient in any one of these effectors are not significantly attenuated (36, 37) (and 170 see Table 1 ). 171
Strains expressing YopK or YopM in addition to
We generated derivatives of the KIM1001ΔT3SE::+yopHEKM strain that 172 included a functional copy of either the ypkA, yopT, or yopJ gene in its original locus. 173
The resulting strains were KIM1001ΔT3SE::+yopHEKMA, expressing YpkA; 174 KIM1001ΔT3SE::+yopHEKMT, expressing YopT; and KIM1001ΔT3SE::+yopHEKMJ, 175 expressing YopJ. Each of these strains was substantially more virulent than 176 KIM1001ΔT3SE::+yopHEKM. Although none caused 100% mortality, each was virulent 177 enough that the difference between survival curves for these strains and the wild-type 178 strain KIM1001 was not statistically significant ( Figure 3 and Table 1 In this work, we used a gain-of-function approach to determine that the four 246 effectors previously known to be required during infection -YopH, YopE, YopK, and 247 The work presented here is in agreement with reports that, though NLRP3/NLRC4-279 mediated cell death has been shown to occur in response to the needle and translocon 280 proteins of the JG150ΔT3SE strain (21, 44), macrophage cell death mediated by the wild-281 type T3SS seems to depend primarily on the activity of YopJ (34, 43). The T3SS of Y. 282 pestis also targets neutrophils in vivo (7, 20, 55) guarantee that functional redundancy is limited to only two effectors. The "bottom-up" 314 approach we describe here, to identify effector(s) that are sufficient rather than necessary 315 for various phenotypes, is perhaps generalizable to other complex systems. We have 316
shown that this approach can be particularly effective when combined with candidate-317 based hypothesis testing, as this limits the number of combinations that must be 318 examined. Once such strains are generated, they can be assayed for multiple phenotypes 319 in both in vitro and in vivo systems. These strain banks, therefore, allow for rapid 320 systematic identification and disentanglement of apparent functional redundancy among 321 components of complex bacterial systems. 322
Materials and methods 323
Bacterial strains and growth conditions. The genotype and source for Y. pestis strains 324 are presented in Table S1 . Genotype information includes the codons removed by each 325 in-frame effector deletion: for example, the notation yopH (lethality, liver histology) were performed using strains made in the fully virulent 328 KIM1001 background. In vitro experiments (macrophage cell death and bacterial survival 329 in the presence of neutrophils) were performed in the JG150 background (equivalent to 330 KIM5), which lacks the pgm locus required for iron acquisition, to permit 331 experimentation under biosafety level 2 conditions. 332
Y. pestis was cultured in the rich medium TB, prepared to maximize plating 333 efficiency as previously described (64) Table S2 . Deletion mutants for each gene were 343 constructed by amplifying flanking homology to the gene using primer pairs A+B and 344 C+D, hybridizing the resulting fragments, and cloning this "stitched" product into the 345 pRE107 plasmid before proceeding with allelic exchange as described (65) were performed with bioluminescent Y. pestis strains using the plasmid pML001, which 390 encodes the lux operon from Photorhabdus luminescens (67). Luminescence from this 391 system requires the reduced flavin mononucleotide FMNH 2 as a cofactor (68). As 392 reduced FMNH 2 is rapidly depleted if metabolism or the cell membrane is disrupted, 393 bioluminescence in this system serves as a proxy for determining viability of the bacterial 394 population in real time. CFU plating confirmed that the decreased luminescence of a 395 T3SS-deficient strain after 4 hours in the presence of neutrophils ( Figure S2 ) 396 corresponded to a 50-80% reduction in bacterial viability compared to the media-only (no 397 neutrophil) condition. 398
Whole blood was collected from healthy adult human volunteers in compliance 399 with protocols reviewed and approved by the University of Massachusetts Medical 400 School Institutional Review Board (IRB). Neutrophils were isolated from whole blood on 401 a gelatin gradient as described (69) 
